A zeolite NaA (LTA) membrane supported by an alumina porous support tube is a useful tool for the dehydration of biomass alcohol. 1, 2 In the case of this application, for designing the optimum dehydration process, it is very important to understand the effect of coexisting biomass derived-acetic acid or any other acidic components on the LTA membrane surface, that is, the dissolution of the surface crystal, the formation of secondary substances like sodium acetate, the acidic components concentrations available for the process and so on. For the present tubular specimen, if feasible, it is better to use a nondestructive analytical method because the estimated specimen can be reused for the dehydration process. In our previous work, 3 it was shown that Fourier Transform Infrared Attenuated Total Reflectance method (FTIR-ATR) with a diamond prism as the waveguide is the most useful method to characterize the tubular LTA membrane surface. We considered the relationship between the Si-O asymmetric stretching vibration spectral shape of the LTA membrane and the EtOH/H2O pervaporation dehydration performance. In conventional IR studies 4-6 on the structure and chemical composition of zeolite materials, the ATR method has not been used. In contrast to conventional studies, we have applied the ATR method to the tubular LTA membrane surface because the tubular sample can be directly and rapidly estimated without any pretreatments. 3 Therefore, in this study, in order to estimate the surface damage of an LTA crystal, which may be caused by acetic acid, the FTIR-ATR method was applied to LTA membranes reacted with water or acetic acid (pH 3 -4) by leaching experiments, and those Si-O spectra were monitored. For the leaching experiments, ultrasonication (US) was applied to promote the leaching rate and to prepare surely damaged-membranes as a model experiment, because it is very difficult to exactly reproduce the behaviors of the acidic components in a practical dehydration process plant. Furthermore, the surface structure and chemical composition of those reacted membranes were also characterized by scanning electron microscope (SEM) and energy dispersive X-ray analysis (EDX), respectively, and those were compared with the Si-O spectral shape. Consequently, the FTIR-ATR could sensitively detect any Si-O spectral change corresponding to the surface structure and the chemical composition of the LTA membrane.
Introduction
A zeolite NaA (LTA) membrane supported by an alumina porous support tube is a useful tool for the dehydration of biomass alcohol. 1, 2 In the case of this application, for designing the optimum dehydration process, it is very important to understand the effect of coexisting biomass derived-acetic acid or any other acidic components on the LTA membrane surface, that is, the dissolution of the surface crystal, the formation of secondary substances like sodium acetate, the acidic components concentrations available for the process and so on. For the present tubular specimen, if feasible, it is better to use a nondestructive analytical method because the estimated specimen can be reused for the dehydration process. In our previous work, 3 it was shown that Fourier Transform Infrared Attenuated Total Reflectance method (FTIR-ATR) with a diamond prism as the waveguide is the most useful method to characterize the tubular LTA membrane surface. We considered the relationship between the Si-O asymmetric stretching vibration spectral shape of the LTA membrane and the EtOH/H2O pervaporation dehydration performance. In conventional IR studies 4-6 on the structure and chemical composition of zeolite materials, the ATR method has not been used. In contrast to conventional studies, we have applied the ATR method to the tubular LTA membrane surface because the tubular sample can be directly and rapidly estimated without any pretreatments. 3 Therefore, in this study, in order to estimate the surface damage of an LTA crystal, which may be caused by acetic acid, the FTIR-ATR method was applied to LTA membranes reacted with water or acetic acid (pH 3 -4) by leaching experiments, and those Si-O spectra were monitored. For the leaching experiments, ultrasonication (US) was applied to promote the leaching rate and to prepare surely damaged-membranes as a model experiment, because it is very difficult to exactly reproduce the behaviors of the acidic components in a practical dehydration process plant. Furthermore, the surface structure and chemical composition of those reacted membranes were also characterized by scanning electron microscope (SEM) and energy dispersive X-ray analysis (EDX), respectively, and those were compared with the Si-O spectral shape. Consequently, the FTIR-ATR could sensitively detect any Si-O spectral change corresponding to the surface structure and the chemical composition of the LTA membrane.
Experimental
Tubular LTA membrane sample Figure 1 shows a schematic diagram of a LTA membrane supported by an alumina porous support tube. Porous alumina tubes with dimensions of 12 ± 0.3 mm o.d., 9 ± 0.3 mm i.d. and 800 mm length were used as a substrate. 2, 7 The average pore size and porosity of the substrates were 1.3 µm and 40 -47%, respectively. 2, 7 LTA membranes were gel-synthesized hydrothermally on the substrates according to our previous work. 2, 7 The thickness of the surface layer of the LTA membranes used in this study was approximately 2 -3 µm. For the dehydration process of biomass alcohol using a zeolite NaA (LTA) membrane supported by an alumina porous support tube, it is very important to understand damage of the surface crystal, which may be caused by acetic acid. Therefore, the surface structure and the chemical composition of the LTA membrane that reacted with water or acetic acid (pH 3 -4) were investigated by the Fourier Transform Infrared Attenuated Total Reflectance method (FTIR-ATR), with a diamond prism as the waveguide, scanning electron microscope and an energy-dispersive X-ray analysis. For leaching experiments using water and acetic acid, ultrasonication was applied to promote the leaching rate and to surely prepare damaged membranes as a model experiment. The Si-O asymmetric stretching vibration spectra of the original LTA membranes showed a bimodal peak. LTA membranes after water leaching also showed the same peak. However, for the LTA membrane reacted with acetic acid of pH 3, damage of the surface LTA crystal and the loss of sodium by dissolution were clearly observed. Also, its Si-O spectral shape was broad, which suggests amorphous-like substances secondarily formed on the membrane surface. Sodium acetate was not detected for all LTA membranes reacted with acetic acid. To evaluate surface-damaged and sodium-loss membranes, FTIR-ATR can sensitively detect a Si-O spectral change corresponding to the surface structure and the chemical composition of the LTA membrane.
Water and acetic acid leaching First, 800 mm LTA membrane tubes were cut into several 20 mm tubes prior to a leaching experiment. Then, 20 mm LTA membrane tube was used as a blank sample. Two 20 mm LTA membrane tubes were leached in 30 ml of water or an aqueous solution (pH 4) of acetic acid for 60 min by US. One 20 mm LTA membrane tube was leached in 30 ml of an aqueous solution (pH 3) of acetic acid for 8 h without US. Then, after air-drying for 1 d, these 20 mm specimens were subjected to the following measurements.
FTIR-ATR measurement
For the FTIR-ATR measurement, we employed an FTIR spectrometer (Nexus 670) equipped with an ATR attachment (single reflection type, Smart Golden Gate) manufactured by Thermo Electron Corporation. A diamond prism was used as the waveguide. According to our previous work, 3 the 20 mm tubular membrane samples after the leaching experiments were pressed and fixed on a prism. The size of the IR beam was 2 mm, and the incidence and reflection angle were each 45 degrees. The samples were scanned 100 times at a spectral resolution of 4 cm -1 . The spectrum was recorded in the mid IR region between 400 and 4000 cm -1 , and the signal from the Si-O asymmetric stretching vibration (830 -1200 cm -1 ) was monitored. To obtain the average information of the membrane and to check the reproducibility, three or four points on the membrane surface were randomly measured for each sample.
SEM observation and EDX measurement
Membrane surface morphology and chemical composition (Si/Al and Si/Na molar ratio) 8 before and after the water and acetic acid leaching were investigated by SEM (Hitachi S-4800, Field emission SEM)-EDX (EDAX Genesis). In the SEM observation, about twenty views were scanned for each sample and the typical images were adopted in this work. Figures 2 and 3 show changes of the asymmetric Si-O stretching vibration spectra and SEM images corresponding to the elemental composition of LTA membranes after leaching experiments, respectively. Although the analytical area is different among the two methods, their comparison was carried out using typical data, as described above. In Fig. 2 , a high background at a frequency lower than 800 cm -1 is mainly attributed to the alumina substrate. 3 The Si-O spectrum (Fig.  2a) and SEM image (Fig. 3a) of the original LTA membrane without leaching show a bimodal peak (1012 cm -1 of surface LTA and 930 cm -1 of LTA and/or amorphous substances embedded in relatively deep parts) 3 and the angular shape, respectively. As shown in Fig. 3(b and c) , the surface of LTA membranes after leaching showed a round shape. From the SEM observation under the same treatment (US irradiation time) condition, the surface damage by water seems to be somewhat greater than that by acetic acid. Furthermore, as shown in Fig. 3(d) , acetic acid of pH 3 strongly attacked the surface of the LTA membrane; also, cracks and dissolution of the surface crystal were markedly observed. This surface damage, especially in the case of acetic acid leaching, caused a loss of sodium, although acetic acid of pH 3 caused dissolution not only of sodium, but also of silicon. Since bulk X-ray diffraction analysis (XRD) showed an LTA pattern even for the above surface-damaged and sodium-loss membranes, although somewhat broad patterns, it seems that such damage was only in the surface layer of the LTA membranes.
Results and Discussion
The Si-O spectrum (Fig. 2b) of the LTA membrane after water leaching showed the same peak as that of the original one. However, in the Si-O spectrum (Fig. 2c) of the LTA membrane reacted with acetic acid of pH 4, besides the bimodal peak (1012 cm -1 and 930 cm -1 ), which can be seen for the original LTA membrane, a broad peak (962 cm -1 ) having a shoulder peak (846 cm -1 ) was detected. These results indicate that acetic acid significantly affects the crystal structure and the elemental composition of the membrane surface, but water does not affect them seriously. This information can not be obtained from SEM studies that deal only with morphological information. For the LTA membrane (Fig. 2d) reacted with acetic acid of pH 3, the Si-O spectral shape completely changed to a broad peak (970 -975 cm broad Si-O spectrum suggests that amorphous-like substances formed on the membrane surface. 3 The shoulder peak (838 -846 cm -1 ) may be secondarily formed substances, like sodium silicate; however, such a substance was not detected by bulk XRD. Sodium acetate, which was initially expected, was not detected for the IR spectra of all LTA membranes reacted with acetic acid.
Consequently, under the present leaching conditions, acetic acid of pH 3 dissolved only the surface of the LTA membrane, and there was no surface contamination by acetates. This study also indicates that the extent of attackedacetic acid can be estimated from the FTIR-ATR spectral shape of the damaged membrane. It is very important to grasp this information for designing the optimum dehydration process of biomass alcohol.
Conclusion
In conventional IR studies on the structure and chemical composition of zeolite materials, the FTIR-ATR method has not been used. In contrast to conventional studies, we applied FTIR-ATR to a tubular zeolite membrane surface. FTIR-ATR is very sensitive for the LTA membrane surface, and can sensitively detect any Si-O spectral change corresponding to the surface structure and chemical composition of the LTA membrane.
